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A single-molecule magnet placed in a magnetic field perpendicular to its anisotropy axis can
be truncated to an effective two-level system, with easily tunable energy splitting. The quantum
coherence of the molecular spin is largely determined by the dynamics of the surrounding nuclear
spin bath. Here we report the measurement of the nuclear spin–lattice relaxation in a single crystal of
the single-molecule magnet Mn12-ac, at T ≈ 30 mK in perpendicular fields B⊥ up to 9 T. Although
the molecular spin is in its ground state, we observe an increase of the nuclear relaxation rates by
several orders of magnitude up to the highest B⊥. This unique finding is a consequence of the zero-
point quantum fluctuations of the Mn12-ac spin, which allow it to efficiently transfer energy from
the excited nuclear spin bath to the lattice. Our experiment highlights the importance of quantum
fluctuations in the interaction between an ‘effective two-level system’ and its surrounding spin bath.
PACS numbers: 42.50.Lc, 75.45.+j, 75.50.xx, 76.60.Es
Quantum mechanical two-level systems (TLS) are the
subject of vivid interest, motivated by their application in
quantum information technology [1]. In this context, the
model of a ‘central spin + spin bath’ [2] is of widespread
fundamental interest for a wide range of natural or artifi-
cial TLS [3]. Single-molecule magnets (SMMs) [4] consti-
tute a prototypical example of mesoscopic quantum sys-
tems that, under suitable experimental conditions, can be
treated as an effective TLS [5]. The ‘qubit levels’ arise
from the low-energy truncation of the larger Hilbert space
of a high-spin (typical S ∼ 10) molecule. In the presence
of uniaxial magnetocrystalline anisotropy, the resulting
qubit energy splitting ~ωe has a very strong dependence
on the external magnetic field B⊥ applied perpendicu-
lar to the anisotropy axis [6], ~ωe ∝ B2S⊥ , making the
splitting easily tunable. Being stoichiometric and crys-
talline compounds, SMMs are exquisitely suited for the
fundamental study of decoherence in mesoscopic systems,
because the Hamiltonian of the qubit and the environ-
ment (spin and phonon bath) is known in utmost detail.
Indeed, a recent experiment found that the spin coher-
ence of Fe8 SMMs in large transverse field [7] is excellent
agreement with the most accurate theories [5].
Here we report a pulse-NMR study of the nuclear spin
bath dynamics in a single crystal of the molecular magnet
Mn12-ac SMMs at ultra-low temperatures (T ≈ 30 mK)
in strong perpendicular magnetic fields (B⊥ up to 9 T).
This allows us to explore the regime where the molec-
ular spin (qubit) splitting ~ωe becomes larger than any
other energy scale. We focus however on the bath rather
than the qubit, and find strong evidence that zero-point
quantum fluctuations (ZPFs) [8] of the molecular spin
dominate the nuclear bath dynamics. We deduce this by
measuring the transverse field dependence of the nuclear
spin relaxation rate 1/T1n(B⊥). In a material such as
Mn12-ac, nuclear spins do not have a channel for direct
relaxation to the phonon bath – their relaxation must be
mediated by electron spin fluctuations. When ~ωe  kT ,
thermal fluctuations of the electron spin become expo-
nentially suppressed and one expects 1/T1n → 0. In-
stead we find that 1/T1n(B⊥) increases by five orders
of magnitude up to the highest field. Indeed, quantum
mechanics predicts [9] that, since a fully polarized state
with S ‖ B⊥ is not an eigenstate of the spin hamiltonian
(unless B⊥ → ∞), the central spin will exhibit quan-
tum fluctuations down to T = 0. This experiment thus
represents an attractive physical implementation of the
ideas discussed by Gavish et al. [10], who argued that,
although ZPFs cannot supply energy, they can indeed
(even at T ≈ 0) absorb energy when coupled to an ac-
tivated system (here the nuclear spins, excited by NMR
pulses), thereby de-exciting it.
The properties of the Mn12-ac SMM are well known.
We adopt the same electron spin Hamiltonian HS and
parameter values as in previous work [11, 12]:
HS = DS2z+E(S2x−S2y)+B4S4z+C(S4++S4−)+µBB⊥·gˆ·S.
(1)
We also add a term accounting for a dipolar field
Bdd from neighboring molecules, of the form Hdd =
gzµBBddSz ≈ 0.1 K [13]. The hyperfine interaction be-
tween nuclear and electron spins is Hhyp = −I · Aˆ · S ,
with Aˆ the hyperfine tensor. The Mn12-ac molecules in
the crystal contain 4 Mn4+ ions (with ionic spin s = 3/2),
giving rise to the NMR resonance labeled Mn1, and 8
Mn3+ ions (s = 2) [Fig. 1(a)], the latter occupying two
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FIG. 1. (Color online) (a) Structure of the Mn12-ac molecule.
(b) Orientation of the external (B⊥), hyperfine (Bhyp) and
total (Btot) field on the Mn1 nuclei. (c) Evolution of the
total energy E (crystal field anisotropy + Zeeman term) of
the Mn12-ac spin as a function of transverse field and angle
θS . Representative energy profiles at B⊥ = 3 T (A), 6.65 T
(B), 8.25 T (C) are shown underneath.
inequivalent sites which give rise to different hyperfine in-
teractions [14] and two separate resonance lines, Mn2 and
Mn3. Intramolecular magnetic exchange interactions be-
tween the ionic spins yield a net effective spin S = 10
for the molecular cluster at low T . Below ∼ 10 K only
the lowest doublet of states |G〉, |E〉 is thermally occupied,
justifying the truncation of the ‘giant spin’ to an effective
qubit Hamiltonian. When B = 0, |G〉 and |E〉 are sym-
metric and antisymmetric quantum superpositions of the
mS = ±10 projections of the molecular spin along the
z-axis. Their energy splitting arises from the (weak) off-
diagonal terms in HS , which introduce a tunnel coupling
∆0 (∼ 10−10 K at B = 0) between spin states at opposite
side of the classical spin anisotropy barrier [Fig. 1(c)]. In
previous work [15] we showed that the nuclear spin bath
can relax and thermalize via incoherent quantum tun-
neling of the central spin, which is itself driven by the
internal dynamics of the nuclear bath [2], giving rise to
non-trivial quantum relaxation effects [16]. It was also ar-
gued that the most of the dynamics at B = 0 arises from
a minority of fast-relaxing molecules (FRMs) [15, 17].
In the present study we apply a strong perpendicu-
lar field B⊥ ‖ x, which causes |G〉 and |E〉 to contain
amplitudes from all mS = −10 . . . + 10. They can
still be written as a superposition of ‘classical’ states
|Z±〉 corresponding to the two total energy minima
[Fig. 1(c)], but the spin expectation values of |Z±〉 are
now canted towards the x-axis [18], forming an angle
θS = sin
−1 (〈Sx〉/S) with the z-axis [Fig. 1(b)]. The hy-
perfine interaction Hhyp is commonly written in terms of
an effective fieldBhyp = −Aˆ·S/~γn. The total field at the
nuclear site, Btot = B⊥ +Bhyp, defines the quantization
axis for the nuclear spin and yields the nuclear Larmor
frequency ωn = 2piνn = γn|Btot|, with γn the nuclear
gyromagnetic ratio. We performed 55Mn (I = 52 ) and
proton (I = 12 ) NMR experiments in the frequency range
220-330 MHz, in a cryogenic set-up described elsewhere
[11, 19]. The Mn12-ac single crystal was carefully ori-
ented with its z-axis perpendicular to the magnetic field
direction. Several attempts were made to fine-tune the
crystal orientation, with no significant changes. Fig. 2
shows the evolution of the NMR frequencies with B⊥.
The Mn1 line is clearly split in two (1a and 1b in
Fig. 2), as also observed in other Mn12-ac single crys-
tal studies in zero field [11, 20]. Its field dependence is
explained by a progressive canting of the total spin by
B⊥, and assuming S = 10 at all fields [18]. The strong
splitting of the Mn2 line was not observed in a previ-
ous experiment on aligned powder [18], but is readily ex-
plained on basis of the presence of the anisotropic dipolar
hyperfine field [12, 14]. The Mn3 line falls mostly out-
side our measurement window and will not be discussed.
Two proton lines enter the measurement window when
5 ≤ B⊥ ≤ 8 T. The main one (H1), responsible for ≈ 90%
of the estimated total proton intensity, is observed at the
unshifted frequency γB⊥/2pi, implying a (dipolar) hyper-
fine field Bdip ≈ 0.1 T or less. The second line (H2) is
shifted by −19 MHz, corresponding to a Bdip ≈ 0.5 T,
in agreement with earlier deuteron NMR data [21], tak-
ing into account the difference in nuclear moments. The
calculated 55Mn spectra, shown as solid lines in Fig. 2,
agree well with the data when assuming B⊥ makes an
angle ≈ 90◦ ± 2◦ with the z-axis.
The longitudinal nuclear spin relaxation (NSR) rate,
1/T1n, was measured with inversion recovery sequences,
pi-t-pi2 -τ -pi [12]. A compilation of the NSR rates as a func-
tion of B⊥ for Mn1, Mn2 and H1 is given in Fig. 3. We
shall concentrate on the Mn1 line, which we were able to
follow from B⊥ = 0 to 9 T, but all lines behave similarly
in the field range where they could be observed. For mod-
erate B⊥, 1/T1n initially decreases, consistently with the
interpretation that the B ≈ 0 relaxation processes are
driven by fast-relaxing molecules [15], whose easy axis
is misaligned with that of the crystal. However, above
∼ 5 T a spectacular increase of a factor 104− 105 is seen
in the 1/T1n of all lines, all the way to 9 T. To appreciate
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FIG. 2. (Color online) Field dependence of the Mn1, Mn2
and 1H NMR resonances (symbols) and FWHM (error bars,
horizontal or vertical, from swept-field and -frequency runs,
resp.). Lines are simulations discussed in supplementary ma-
terial.
the significance of this observation, let us recall the stan-
dard expression of the NSR rate for nuclear spins coupled
to a paramagnetic electron spin [22]:
1
T1n
≈ 1
T1e
(
A⊥
ωn
)
(1− P 2e ), (2)
where A⊥ is the off-diagonal part of the hyperfine cou-
pling, Pe = tanh (~ωe/2kT ) is the electron spin polariza-
tion, and 1/T1e is the electron spin-lattice relaxation rate
[5]. For Mn12-ac the latter is given by:
1
T1e
' 4D
2|〈E|SxSz + SzSx|G〉|2(~ωe)3
3piρc5s~4
coth
(
~ωe
2kBT
)
,(3)
where ρ = 1.83 × 103 kg/m3 is the density and cs '
1.5× 103 m/s is the sound velocity. In Fig. 4(b) we plot
the calculated values of 1/T1e and
(
1− P 2e
)
as a function
of B⊥. Although 1/T1e does increase with field,
(
1− P 2e
)
decreases much more dramatically for B⊥ > 6.5 T.
Naively applying Eq. (2) to our system would lead to
the (incorrect) prediction of astronomically long nuclear
spin relaxation times for B⊥ > 7 T. Therefore we need
to reconsider the problem of nuclear spin-lattice relax-
ation, taking proper account of the complex nature of
the Mn12-ac electronic spin S, and recognizing that the
factor (1− P 2e ) in Eq. (2) represents in fact the differen-
tial electronic susceptibility χα = gµB∂〈Sα〉/∂Bα, with
α the direction of the applied field.
The nuclear magnetization is relaxed via random fluc-
tuations δBhyp(t) = −(A⊥/~γn) δS(t) in the hyper-
fine fields, associated with the electron spin fluctuations
δS(t). The NSR rate is obtained in perturbation theory
as the Fourier transform of the electron spin correlation
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FIG. 3. (Color online) (a) Nuclear spin relaxation rates
1/T1n versus B⊥ for Mn1, Mn2 and H1. Open symbols are
data taken at a slightly (∼ 2◦) different crystal orientation.
Solid line: calculated 1/T1n from direct spin-lattice relax-
ation. Dashed line: calculated 1/T1n from two-step relaxation
through electron dipolar reservoir.
functions, evaluated at the nuclear Larmor frequency ωn:
1
T1n
=
1
2
(
A⊥
~
)2
F¯α(ωn), (4)
F¯α(ω) =
∫
〈{δSα(0)δSα(t)}〉e−iωtdt (α = x, y, z) (5)
Here 〈 〉 denotes the thermal statistical average and
{ } the symmetrized spin operator product; F¯ (ω) =
(1/2)[F (ω) + F (−ω)] is the symmetrized quantum spec-
tral density [8, 10, 23] and positive/negative frequen-
cies correspond to absorption/emission of energy. De-
tailed balance requires F (ω) = e~ω/kBTF (−ω) and thus:
F¯ (ω) = (1/2) coth(~ω/2kBT )[F (ω)−F (−ω)], leading to
the low-T quantum version of the fluctuation-dissipation
theorem [8, 23]:
F¯α(ω) =
~
g2µ2B
coth
(
~ω
2kBT
)
χ′′α(ω), (6)
relating spin fluctuations to the imaginary component
χ′′ of the complex magnetic susceptibility. Using the
Debye frequency distribution and focusing on the trans-
verse susceptibility χx, we write χ
′′
x(ω) = χx(0)ωT1e/(1+
ω2T 21e) and arrive at the final expression for the field-
dependent NSR:
1
T1n(B⊥)
=
~
2
(
A⊥
gµB
)2
coth
(
~ωn
2kBT
)
χx
ωnT1e
1 + ω2nT
2
1e
,
(7)
where A⊥, ωn, T1e and χx are all functions of B⊥. From
the Mn12-ac Hamiltonian (1), we calculate numerically
χx(Bx) = gµB∂〈Sx〉/∂Bx [solid line in Fig. 4(c)] and use
it in Eq. (7) to obtain the NSR shown as the solid line
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FIG. 4. (Color online) (a) Energy splitting ~ωe of the low-
est electron spin state of the Mn12-ac molecule. Solid line:
tunnel splitting 2∆0. Dashed line: splitting including a lon-
gitudinal dipolar bias field, ~ωe =
√
(gµBBdd)2 + 2∆20. For
B⊥ > 6.5 T, 2∆0 exceeds both gµBBdd and kBT (T ≈ 30 mK,
shaded area). (b) Calculated electron spin relaxation rate
1/T1e (left scale) and (1 − P 2e ) (right scale), where Pe is the
electron spin polarization. The dotted line includes the con-
tribution of Hdd. (c) Mn12-ac spin susceptibilities. Solid line:
full quantum mechanical calculation of χx. Dashed: spin fluc-
tuations 〈S2x〉 − 〈Sx〉2. Dotted: classical mean-field value.
Arrows show the points corresponding to the anisotropy po-
tentials A, B, C in Fig. 1(c) as indicated.
in Fig. 3. The calculation correctly predicts the strong
increase in 1/T1n up to the highest B⊥.
The situation most often found in the literature has
α = z, in which case the electron Zeeman term gµBBzSz
commutes with the strong uniaxial anisotropy term DS2z ,
~ωe is just the electron Zeeman splitting, and the suscep-
tibility χz becomes the factor (1 − P 2e in Eq. (2), which
vanishes in high field as exp (~ωe/kBT ). Our experiment
is unique in that we have α = x and thus gµBBxSx does
not commute with DS2z . The electronic splitting ~ωe is
now the quantum tunneling splitting, and the transverse
susceptibility χx [Fig. 4(c)] remains finite up to B⊥ →∞
even at T = 0.
To further clarify the special role of ZPFs in our sys-
tem, we recall that the susceptibility χx(0) can also
be obtained from the static isothermal magnetization
(per molecule) 〈Mx〉 =
∑
i(−∂Ei/∂Bx)e−βEi/
∑
i e
−βEi
(β = 1/kBT , and Ei are the electronic energy levels) as:
χx(0) = β〈M2x〉 − β〈Mx〉2 + 〈−2∂Ei/∂B2x〉. (8)
The term 〈−2∂Ei/∂B2x〉 is the Van Vleck susceptibility,
and describes a change in magnetization which does not
originate from a change in thermal population of the
eigenstates. Although often neglected, it plays a cru-
cial role in our case since it persists even to T=0, and
is responsible for the pronounced increase in χx around
B⊥ ≈ 6.65 T, where the most drastic restructuring of
the energy spectrum takes place [24]. The susceptibility
peak signals the onset of strong ZPF of the Mn12-ac in
the shallow double-well potential [9]. The classical mean-
field susceptibility χx(B⊥) = (gµB)2/2D [Fig. 4(c), dot-
ted line] goes to zero for B⊥ > 2DS/gµB (= 8.32 T in
Mn12-ac) and is clearly insufficient to explain the finite
NSR up to 9 T. Neglecting the Van Vleck term from (8)
is equivalent to considering only fluctuations of the form
〈S2x〉 − 〈Sx〉2 [Fig. 4(c), dashed line].
An additional relaxation mechanism can arise due to
the dipole-dipole coupling between molecular spins, as re-
cently discussed in the case of the isotropic Mn6 molecule
[26]. In this process, nuclear energy is first shared very
rapidly with the electron–dipolar (ED) reservoir, then the
combined ED + nuclear–Zeeman (NZ) system relaxes to
the lattice at the rate:
1
T ?1n,e
=
1
T1e
CED
CNZ + CED
(9)
where CED and CNZ are the (field-dependent) specific
heats of the ED and NZ reservoirs. We calculate CNZ
for the 55Mn as in Eq. 3 of Ref. 26, and take for CED
the Schottky curve for a two-level system. The resulting
1/T ?1n is plotted as gray dashed line in Fig. 3. It drops
markedly for B⊥ > 6.5 T due to the exponential decrease
of CED/R ≈ (~ωe/kBT )2e−~ωe/kBT for ~ωe  kBT , but
it gives a significant contribution at lower fields. Taken
together, the calculated values of the NSR from Eqs. (7)
and (9) are in remarkable qualitative and even quanti-
tative agreement with the Mn1 data for B⊥ & 5 T. We
stress that no free fitting parameters were used at any
point.
The – perhaps surprising – similarity between the Mn1,
Mn2 and H1 relaxation rates (in the field range where
data is available on all of them) can be related to the
similar order of magnitude of the non-diagonal term
(A⊥/~ωn)2 in Eq. (7). The value of A⊥ depends on the
angle between Bhyp and Btot [18], A⊥ = A| sin(θI − θS)|
[see Fig. 1(b)], as well as on the presence of a non-
diagonal component in the hyperfine coupling tensor,
more pronounced in Mn2 and H1.
In conclusion, we have shown that the relaxation of
the nuclear spin bath in Mn12-ac, at very low temper-
ature, accelerates spectacularly when a large transverse
field greatly enhances the zero-point quantum fluctuation
of the molecular spin, whereas the electronic susceptibil-
ity remains finite up to highest applied field. The asso-
ciated zero-point quantum fluctuations of the molecular
spin provide a dynamics persisting even down to T=0
and thus a very effective channel for de-excitation of the
5nuclear spin bath, even when the Mn12-ac spin can be
considered as an effective two-level system in its ground
state with a large gap to the first excited state. In addi-
tion to providing an appealing test bed for recent theories
[10], our experiment highlights a profound difference be-
tween ‘true’ S = 1/2 spin qubits [27, 28], and effective
TLSs that arise from the low-energy truncation of more
complex systems.
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